The ability to undergo apoptosis, previously thought to be exclusive to multicellular organisms, has been demonstrated in unicellular parasites. On the basis of an observation that Plasmodium "crisis forms" were seen in vitro after cultivation in media containing an antimalarial drug, we attempted to determine whether Plasmodium falciparum has the ability to undergo apoptosis. By use of either the apoptosis-inducer etoposide or the antimalarial chloroquine, apoptosis in Plasmodium asexual stages was evident by the observation of DNA fragmentation and disruption of transmembrane mitochondrial potential. Next, we sought to determine whether Plasmodium produces specific cysteine proteases that can induce apoptosis. We hypothesized that the 2 metacaspase-like proteins present in the Plasmodium genome contained features typical of downstream execution steps and upstream signaling pathways such caspase activation and domain recruitment. We report that one of the metacaspase genes, PF13_0289, in addition to a universally conserved catalytic cysteine and histidine dyad required for catalysis activity, contains a putative caspase recruitment domain in the N-terminal amino acid sequence. This putative P. falciparum metacaspase protein has been designated PfMCA1. Our findings offer important insights into parasite survival strategies that could open new ways for therapeutic alternatives to drug resistance.
M A J O R A R T I C L E

Features of Apoptosis in Plasmodium falciparum
The ability to undergo apoptosis, previously thought to be exclusive to multicellular organisms, has been demonstrated in unicellular parasites. On the basis of an observation that Plasmodium "crisis forms" were seen in vitro after cultivation in media containing an antimalarial drug, we attempted to determine whether Plasmodium falciparum has the ability to undergo apoptosis. By use of either the apoptosis-inducer etoposide or the antimalarial chloroquine, apoptosis in Plasmodium asexual stages was evident by the observation of DNA fragmentation and disruption of transmembrane mitochondrial potential. Next, we sought to determine whether Plasmodium produces specific cysteine proteases that can induce apoptosis. We hypothesized that the 2 metacaspase-like proteins present in the Plasmodium genome contained features typical of downstream execution steps and upstream signaling pathways such caspase activation and domain recruitment. We report that one of the metacaspase genes, PF13_0289, in addition to a universally conserved catalytic cysteine and histidine dyad required for catalysis activity, contains a putative caspase recruitment domain in the N-terminal amino acid sequence. This putative P. falciparum metacaspase protein has been designated PfMCA1. Our findings offer important insights into parasite survival strategies that could open new ways for therapeutic alternatives to drug resistance.
Apoptosis is part of normal cell death in all metazoans and has been widely described in various single-celled organisms including yeast [1, 2] and several protozoa, such as Leishmania [3, 4] and Trypanosoma [5, 6] . The ability of Plasmodium parasites to undergo apoptosis was first reported in 1997, when DNA fragmentation in drug-sensitive P. falciparum asexual stages was seen after cultivation in media containing chloroquine (CQ) [7] . More recently, it was reported that ookinetes obtained from the mosquito midgut infected with P.
berghei exhibited classical signs of apoptosis, such as chromatin condensation, DNA fragmentation, and exposure of phosphatidylserine [8, 9] .
The fever that develops during malaria is most likely responsible for a significant death rate among the parasite population, and the heat shock stress in vitro is followed by the appearance of "crisis forms" of the parasite, which retain their staining properties and appear to be condensed. These forms are characterized by a change in the synchrony of the parasite's development process, resulting in a moribund parasite and finally a disintegrating residual mass in the cytoplasm [10] . No precise definition of these crisis forms has yet been given for this process, but this lack could be related to the formation of apoptotic bodies, which are considered as a hallmark of the final step and a witness of apoptosis [11, 12] . It is well known that quinoline drugs result in the appearance of crisis forms for most but not all P. falciparum clones and isolates [13] , whereas CQ has been shown to induce apoptosis in various cells, including splenic B cells and T lymphocytes [14, 15] . These observations led to further investigation of CQ-induced P. falciparum apoptosis. Although true in some cases using specific P. falciparum clones, not all clones (i.e., F32 parasite clone from Tanzania) are able to undergo drug-induced apoptosis [16] . This result could be related to the differences that may exist between various clones and to the major role of cell death kinetics [17] .
The definitive relationship between cellular and nuclear alterations of the malaria parasite and apoptosis per se has not yet been clearly demonstrated, mainly because of the lack of information concerning the signaling pathways. Among the putative pathway enzymes, caspases, a family of cysteinyl aspartate-specific proteases, play a central role in the regulation and execution of apoptotic cell death [18] . However, caspases are restricted to metazoan cells, and it is believed that the type of programmed cell death observed in unicellular parasites has different executioner compounds from those described in higher eukaryotes [19] . There is now evidence that members of the cysteine peptidases clan CD may be functionally homologous to metazoan caspases and could be involved in a less-regulated form of apoptosis in single-celled parasites [20] . A family of caspase-like genes, the metacaspases, has been identified in plants, fungi, and parasitic protozoa [21] [22] [23] [24] .
A comprehensive search in the Plasmodium genome database [20] revealed the presence of 2 genes encoding metacaspaselike proteins, PF14_0363 and PF13_0289. Their function remains to be explored to characterize key events in the natural pathways of apoptosis in Plasmodium. Here, we provide additional evidence of apoptosis occurring within the P. falciparum erythrocytic stages and describe a metacaspase-like protein that could act as a major component of this process. Deciphering the death mechanisms of this parasite is a major goal because it may open new ways for therapeutic alternatives for malaria.
MATERIALS AND METHODS
Parasite and growth conditions. 3D7 and 7G8 P. falciparum clones from MR4 were cultivated using O + human erythrocytes at 5% hematocrit in RPMI 1640 medium (Invitrogen) supplemented with 24 mmol/L sodium bicarbonate, 35 mmol/L HE-PES buffer, 10 mg/mL gentamycin, and 10% albumax. Parasitized red blood cells (pRBCs) were maintained as thin layers in 75-cm 2 tissue culture flasks at 37ЊC in a low O 2 environment containing 5% CO 2 and the balance N 2 on a 24-h mediumchange schedule. To assess the effects of CQ, parasites were synchronized with sorbitol and then cultured for 12-48 h with various CQ concentrations ranging from 35 to 1400 nmol/L. The effects on cellular processes of the apoptosis-inducing drug, etoposide, on in vitro grown clones of Plasmodium were also evaluated according to the World Health Organization protocol for conducting drug-susceptibility testing. Intraerythrocytic parasite development was determined morphologically by scoring parasite maturation on Giemsa-stained thin smears.
Mitochondrial transmembrane potential (DW m ). Mitochondrial damage was assessed using carbocyanine dye JC-1 (Molecular Probes) to analyze the loss of DW m . Although polarized mitochondria exhibit J-aggregates, with an emission maximum of 590 nm, depolarized mitochondria exhibit monomers, with an emission maximum of 527 nm, thus permitting us to discriminate the DW m with a fluorescence microscope using a standard fluorescein long-pass optical filter. Briefly, a suspension of pRBCs (3D7 or 7G8 clones) was incubated with Hoescht 33342 (Sigma-Aldrich) for 10 min and then incubated with 7.5 nmol/L of JC-1 for 20 min at 37ЊC. As a positive control, suspensions were treated for 1 h with 40 mmol/L protonophore carbonyl cyanide m-chlorophenyl hydrazone (CCCP; Molecular Probes), which causes dissipation of the proton gradient across the mitochondria inner membrane. Thin smears were analyzed with a fluorescence microscope (Olympus) with the appropriate filters. Two independent investigators scored the apoptotic cells blind, counting at least 100 cells.
Terminal deoxynucleotidyl transferase (TdT)-mediated dUTP nick-end labeling (TUNEL) staining. The TUNEL method was used for detection of DNA fragmentation with the In Situ Cell Death Detection Kit (Roche Applied Science) in accordance with the manufacturer's instructions. Briefly, pRBCs (3D7 and 7G8 clones) were blotted and fixed with 3.7% formaldehyde for 1 h. After permeabilization, cells were incubated with TdT enzyme at 37ЊC for 1 h. Slides were then incubated for 10 min with Hoescht 33342 (Sigma-Aldrich), washed, and observed under a fluorescence microscope (Olympus). A positive control was performed by incubating parasites with DNAse I (Invitrogen) to induce DNA strand breaks before the addition of the TUNEL reaction mixture.
Computational characterization. The sequence of P. falciparum metacaspase (PfMCA1), PF13_0289, was obtained from the P. falciparum genome database (available at: http://www .PlasmoDB.org). Peptidase C14 patterns were searched using HMMSEARCH program, a component of the HIMMER software package (version 2.3.2; available at: http://www.infobiogen .fr) [25] . Caspase recruitment domain (CARD) pattern was designed using multiple alignments (available at: http://www .expasy.org/prosite) and identified in PfMCA using ScanProsite (available at: http://www.expasy.ch/tools/scanprosite). Multiple protein alignments were performed using ClustalW software (version 1.8; available at: http://www.npsa-pbil.ibcp.fr), and a phylogenetic tree of the various sequences was created using Phylo_win (maximum parsimony) [26] .
Plasmids construction and protein expression. The PfMCA1 full-length gene was polymerase chain reaction amplified from P. falciparum genomic DNA using gene-specific oligonucleotides (sense, 5 -TATAAAGCTTATGGAAAAAATATACGTC-3 ; antisense, 5 -TATAGAATTCAA AAAAAAATAAATTTTTAGG-3 ). After restriction endonuclease digestion, the insert was directionally cloned into the pcDNA3-hemagglutinin (HA) vector yielding PfMCA1-HA. PfMCA1-HA proteins were expressed using the rabbit reticulocyte coupled transcription/ translation system (TNT; Promega), in accordance with the manufacturer's instructions. In addition, COS-7 cells were transiently transfected using Lipofectamin 2000 (Invitrogen) with either 1 mg of the PfMCA1-HA plasmid or an empty plasmid without the insert. Twenty-four hours after transfection, cells were resuspended in lysis buffer (100 mmol/L Tris-HCl [pH 7.5], 2 mmol/L EDTA, 100 mmol/L NaCL, 1% Triton, and protease inhibitors) for 20 min at 4ЊC, and the resultant lysate was subjected to immunoblot analysis.
Immunoblotting. The TNT reaction material and transfected COS-7 cells were homogenized in sample buffer containing an antiprotease cocktail (Roche Applied Science). Proteins were separated on 12% polyacrylamide gel and electrophoretically transferred to nitrocellulose membrane (Immobilon-P; Millipore). After transfer, membranes were blocked and incubated with a 1:1000 dilution of the commercially available anti-HA antibody (Covance). Membranes were washed then incubated with a horseradish peroxidase-conjugated secondary antibody. The immunostained proteins were visualized with enhanced chemiluminescence Western blot detection reagent (Roche Applied Science) after exposure of the membranes to film (Lumilight Film; Roche Applied Science).
Statistical analysis. Comparison, either paired or unpaired as required, was performed with Student's t test. Results are presented as values, and differences were considmean ‫ע‬ SD ered significant at or very significant at .
RESULTS
Drug-induced crisis forms.
To support the hypothesis that a proportion of drug-induced parasite death is achieved through apoptosis, we tested the effects of the apoptosis-inducing drug etoposide on 3D7 and 7G8 clones in vitro. The IC 90 for etoposide was calculated to be 30 and 75 mmol/L for 3D7 and 7G8, respectively, and provided evidence for P. falciparum susceptibility to apoptosis-inducing drugs. We observed crisis forms and slow development of schizonts after 24 h of incubation. The percentage of crisis forms reached a maximum level of 83% ‫ע‬ 5% at 48 h of drug exposure. To further identify the mechanisms that could be involved in the regulation of apoptosis, we tested the effect of the caspase-inhibitor Z-VAD-fmk on erythrocytic stage parasites ( figure 1A ). Blockage of caspaselike activity resulted in a 75% decrease of crisis forms being produced by 3D7 only, after incubation with CQ. 7G8 was less susceptible to etoposide and CQ, which was not reversible by the caspase inhibitor Z-VAD-fmk. P. falciparum mitochondrial membrane potential disruption. During apoptosis, mitochondria undergo permeabilization after death stimuli, resulting in loss of DWm. Therefore, we asked whether the antimalarial drug CQ induces depolarization in parasitized erythrocytes using the JC-1 probe. JC-1 exists as a monomer or as J-aggregate forms, depending on concentration and membrane potential. Young parasitic stages (3D7 trophozoites) showed elongated mitochondria with a reddish-orange fluorescence, whereas the old parasitic stages (schizontes) exhibited a star-shaped fluorescence, in agreement with the evolution of the unique mitochondria present in asexual blood stages (figure 1B). Using CCCP as a positive control, we observed a disruption of the DWm similar to that obtained with CQ. Similar results were seen after incubation of parasites with atovaquone (data not shown), which is known to depolarize the malarial mitochondria [27] . JC-1 binding increased with incubation time and drug concentration, with a maximum binding level at 18 h of exposure and at IC 90 drug concentration of 55 nmol/L ( figure 1C ). This effect was significantly lower for the 7G8 CQ-resistant clone.
P. falciparum DNA fragmentation. Because the appearance of a DNA ladder is a good marker of the apoptotic cell death end point, the detection of single-and double-stranded DNA breaks by use of the TUNEL assay would provide a full pattern of DNA fragmentation. Here, we provide evidence for CQ-dependent internucleosomal fragmentation (figure 1D), compared with the maximum level induced by etoposide positive control ( figure 1E ). The CQ-sensitive clone was more prone than the CQ-resistant clone to DNA fragmentation when parasites were cultured in vitro with a drug concentration equivalent to the IC 90 value, although the death rate (90%) was identical for both.
P. falciparum metacaspase-like protein. Two cysteine proteases were previously annotated (PF13_0289 and PF14_0363) in the P. falciparum genome database (available at: http://www .PlasmoDB.org) as metacaspase-like proteins. We focused on gene PF13_0289, located on chromosome 13, which shares a 24% sequence identity to PF14_0363 and harbors the wellconserved catalytic dyad histidine and cysteine residues of caspases. We designated this putative P. falciparum metacaspase protein as PfMCA1. The complete open-reading frame encodes a 613-aa protein with a predicted mass of 71.6 kDa. Analysis of the protein sequence using the HMMSEARCH program showed a conserved peptidase C14 region (E-value, 2.5e-40) of ∼148 aa, from residue 316 to 464, corresponding to the p20-like subunit of PfMCA1. The universally conserved catalytic histidine and cysteine dyad required for catalysis by cysteine proteases is found at positions 404 and 460, respectively ( figure  2A and 2C ). Multiple alignments of the putative catalytic p20 ). P ! .05 Figure 2 . Characterization of PfMCA1. A, Multiple alignments of caspase and metacaspase catalytic subunits. Identical and similar residues are shaded black or gray, respectively. The catalytic His (H) and Cys (C) residues are marked by a star. The position of domains within the full-length proteins is given as amino acid nos. at the N-termini and C-termini of the sequence alignment; the arrow indicates the hypothetical p10-like subunit. On the right side, a schematic representation of structures is shown. The putative prodomain bearing a caspase recruitment domain (CARD) is in black, the large subunit (p20) is in dark gray, and the small subunit (p10) is in white. Identity percentages between subunits are given. B, Manually adjusted alignment of putative CARD identified in PfMCA1 with various CARDs. Conserved hydrophobic positions are boxed, and hydrophobic core residues are bold. Percentage identities between CARDs are given. C, Schematic representation of the predicted primary structure of PfMCA1. Predicted prodomain bearing a putative CARD and catalytic domain containing the p20-like and the p10-like are shown. The putative active site His(404)-Cys(460) dyad are indicated with a star. D, Phylogenetic tree for CARDs. The tree shows the relationship between apoptotic and inflammatory CARDs with the putative CARD identified in PfMCA1. The tree was constructed using the maximum parsimony method and was bootstrapped 1000 times (bootstrap values of the branches are given; only values higher than 50% are shown). E, PfMCA1 CARD modeling. The view of the model of PfMCA1 CARD is based on its similarity to RAIDD CARD (Protein Data Bank identification; 3CRD); the 6 a-helices are indicated and labeled (a1-a6). a-helices axis is indicated by a dashed line. Accession nos. are Casp3_Hs (P42574), Casp9_Hs (P55211), PF13_0289 (ABC84559), Meta1_Pb (CAD88480), PF14_0363 (NP_702252), Meta2_Pb (CAD88481), AtMCA2 (AAP84707), TbMCA3 (CAD24804), Casp1_Mm (P29594), Casp2_Hs (P42575), Casp4_Mm (P70343), and Casp5_Hs (P51878).
subunit with various p20 from various plant and protozoan species using ClustalW revealed a strong sequence similarity, and the His-Cys catalytic dyad was detected with an E-value of 4.9e-34 between those compared. Apart from the highly conserved region, PfMCA1 showed only a limited similarity to other metacaspase sequences in the last third of its amino acid sequence. This region seems to be analogous to the small subunit of caspases. Standard caspases possess N-terminal prodomains encoding homotypic interaction modules such as CARDs or death effector domains. When the amino acid sequence of the PfMCA1 N-terminus was aligned manually according to the positions of hydrophobic residues with several Figure 3 . In vitro processing of PfMCA1. In vitro translation reactions were performed using the transcription/translation system in the presence and absence of the PfMCA1-hemagglutinin (HA). In addition, COS-7 cells were transiently transfected with PfMCA1-HA expression vector; a negative control epitope containing plasmid without insert was used. Extracts were subjected to SDS-PAGE and were analyzed using Western blot with anti-HA antibody. The anti-HA specifically recognized 2 protein bands that migrated at ∼72 and ∼35 kDa apparent molecular mass (lanes 1 and 2) . Fulllength recombinant protein PfMCA-HA has a predicted mass of 72.8 kDa. The detected fragments are represented schematically on the right; white indicates prodomain, gray indicates p20-p10 subunits resulting from the putative prodomain cleavage, and stars indicate the HA tag.
known CARDs (figure 2B), a conserved 76-aa block within the N-terminal region between positions 55 and 131 of the malaria protein was identified and was predicted to also form a CARD based on sequence similarities. We next performed a phylogenetic comparison with known CARDs using the maximum parsimony-based method. Sequence analysis indicated that the putative CARD of PfMCA1 is more similar to those seen in apoptosis pathway molecules than those seen in proinflammatory signaling ( figure 2D ). A structural model of the putative CARD of the hypothetical Plasmodium metacaspase was built based on sequence similarity and homology modeling approaches. The PfMCA1 appears to consist of 6 antiparallel ahelices that tightly surround a hydrophobic core (figure 2E), which is typical topology exhibited by CARD structures.
PfMCA1 processing. A critical processing event during caspase activation is the removal of an N-terminal prodomain. To analyze the PfMCA1 processing, we constructed a full-length PfMCA1 protein C-terminally tagged with HA using both the TNT T7 Quick Coupled Transcription/Translation System (Promega) and transfected COS-7 cells. The resulting protein was analysed by SDS PAGE and Western blot analysis with HAspecific antibodies. Results show that 2 bands of ∼72 and ∼35 kDa were recognized by the anti-HA antibody ( figure 3) . The higher molecular band may correspond to the full-length recombinant protein, which has a predicted mass of 72.8 kDA.
The lower band could be the cleaved N-terminal prodomain of the PfMCA1. No band was detected in extracts of control products.
DISCUSSION
Apoptosis is defined by dependence on caspase activation, leading to features such as nuclear condensation, mitochondrial depolarization, and cell shrinkage [28] . Evidence supporting the fact that single-celled parasites can trigger apoptosis pathways is rapidly increasing [3, 5, 9] . Nevertheless, evidence has not yet been produced for P. falciparum since the first report of DNA laddering a decade ago [7] , which could be attributed to the lack of information about most of the components of apoptotic machinery. We now provide circumstantial evidence for apoptotic death of Plasmodium erythrocytic stages and have identified a putative metacaspase-dependent pathway involved in the process.
P. falciparum crisis forms have been extensively observed in various conditions by various authors [13, 16] without definitive data supporting their genesis. We have observed that incubation with the proapoptotic drug etoposide is associated with production of crisis forms. We have obtained similar effects using the antimalarial drug CQ during 36-44 h of incubation. The formation of this kind of apoptotic body could be the final step in a rapid process featured by disruption of transmembrane mitochondrial potential after 18 h and DNA fragmentation measured by TUNEL at 24 h of incubation time. The kinetics of these events are one of the issues in the search for Plasmodium apoptosis.
There are some concerns about the potential for Plasmodium clones to lose their apoptotic capabilities. Here, we have stressed the difference that could be observed between 2 clones obtained from a reference source (MR4). Only the CQ-sensitive clone has presented high potential for apoptosis. Picot et al., in 1997 , were the first to highlight the relationship that exists between Plasmodium resistance to drug and to apoptosis [7] . Resistance to apoptosis leading to failure of treatment is not unique to Plasmodium [29] . This can be demonstrated by the fact that cancer cells that have become resistant to chemotherapies and lack the ability to undergo apoptosis have done so using a multitude of various pathways, including mutation of key checkpoint regulators, overexpression of Bcl-2 family, or disruption of mitochondrial-mediated apoptosis [30, 31] . Thus, we could speculate that a part of the mechanism of Plasmodium drug resistance could be mediated through a decrease in apoptosis susceptibility. We first provide evidence that Plasmodium asexual stages show major features of apoptotic death induced by etoposide and CQ. Apoptotic body formation, disruption of mitochondrial potential, and DNA fragmentation have been demonstrated for the 3D7 clone. Exposition of phosphatidylserine has not been deeply investigated because the erythrocytic stage parasite is surrounded by an important membrane network, which raises concern about the reliability of annexin V binding of isolated parasites after several steps of membrane washing.
The difference in apoptosis potential between clones is a question to be addressed. Nyakeriga et al. [16] had failed to detect features of apoptosis using the F32 clone, which is reported to be CQ sensitive [32] . However, the F32 clone has recently been used as a CQ-resistant parasite [33] ; thus, it is possible that this clone has lost its apoptosis potential. This is in accordance with our findings that the 7G8 CQ-resistant clone is less susceptible to drug-induced apoptosis. The relationship between the loss of apoptosis potential and CQ resistance needs to be widely investigated because it could reveal how parasites evade programmed cell death. There is now evidence for features of apoptosis to be expressed in asexual stages during the drug-induced death process and for a negative regulation of this process by caspase inhibitor. This raised the question of whether Plasmodium parasites have specific cysteine proteases with a role in the execution of apoptosis. Deciphering the role of cysteine proteases has been made easier with the completion of Plasmodium genome sequencing, but the knowledge regarding the function of these enzymes is still restricted to the clan CA family, including falcipain, calpain, and serine-repeat anitgen [34] . Limited information is still available concerning the role of metacaspase-like genes that have been recently annotated from chromosome 13 (PF13_0289) and 14 (PF14_0363), respectively. Metacaspases are distant caspase homologues present in nonmetazoan organisms, including plants, fungi, and protozoa [35] . Some authors have stated that apoptosis originated with unicellular organisms and that the prone-to-apoptosis properties are linked with the His-Cys catalytic dyad. All caspases share a number of distinct features together with this catalytic dyad. These include the synthesis as inactive zymogens containing a prodomain followed by a large and a small subunit [36] . In silico analyses have revealed that a catalytic dyad and p20-like and p10-like prodomains are retrieved only from PF13_0289. The first annotated metacaspase-like sequence on chromosome 14 failed to present clear features associated with apoptosis function and has been discarded from our analysis.
It is known that the caspase family members increased with evolution, leading to a complex set of initiator and effector caspases in higher eukaryotic cells [36] . Protozoa most likely have a limited number of enzymes involved in the apoptosis process. Thus, it could be speculated that the Plasmodium metacaspase contains distinctive features of downstream execution steps (catalytic dyad) and upstream signaling pathways such as death domain or CARD. CARDs are modules of 90-100 aa involved in apoptosis signaling pathways mediating the association of adaptor proteins and procaspases through heterodimerization of the respective CARDs [37] .
The N-terminal amino acid sequence analysis revealed a putative CARD in the sequence of P. falciparum. This is the first report of a death domain superfamily in a protozoan. The PfMCA1-CARD consists of 76-aa residues and shares the highest sequence identity with mouse caspase 1 (20.4%) and human caspase 5 (14.7%). All CARD structures show the same topology (the a-helical Greek key) and nearly identical tertiary structures [38] . The resolved structures of the CARD of Plasmodium predicted 6 a-helices arranged in an antiparallel manner. The arrangement of the helices results in a Greek key topology as described for other CARDs, suggesting that the structure and, therefore, likely the function could be similar to those of higher caspases [39] . Based on the phylogenetic tree, the Plasmodium CARD appears clearly distinct from the inflammatory protein group and is part of the apoptotic caspases group. Altogether, those data suggest that PfMCA1, bearing both death and catalytic domains, could be a cornerstone to understanding Plasmodium apoptosis. The conservation patterns discussed here provide a detailed guidance for experimental work, such as point mutation detection.
The proteolytic activation of caspase is highly conserved in higher eukaryotes and depends on prodomain removal and cleavage of the p20 and p10 subunits. Surprisingly, we demonstrated the presence of a cleavage between the prodomain and the large subunit of PfMCA1 similar to the autoprocessing of initiator caspases in higher eukaryotes. This cleavage could be due to the overexpression already reported in heterologous systems [40, 21] . The role of the catalytic dyad in this process has not yet been explored.
In 2002, Al-Olayan et al. described a caspase-3-like subfamily member associated with P. berghei ookinete apoptosis [8] . More recently, caspase-like activity has been observed after apoptotic induction in Trypanosoma cruzi epimastigotes [41] . Here, a caspase 3/7 assay failed to detect significant activity, compared with controls, probably because of the high level of endogenous caspase activity. Moreover, using Leishmania major metacaspase, authors have observed arginine-specific cysteine peptidase activity, providing evidence for other potential activity [37] .
The search for apoptosis pathways in P. falciparum parasites has brought major questions into focus. For instance, what is the minimal set of initiator/activator proteins to trigger the process of apoptosis? These data provide contributions on a key regulator process in the life-and-death decision of when parasites are submitted to drug pressure. Accumulating knowledge regarding the role of apoptosis and the function of Plasmodium metacaspase may provide new opportunities for depiction of drug targets.
